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We report on the realization of micropillars with site-controlled quantum dots (SCQDs) in the
active layer. The SCQDs are grown via the buried stressor approach which allows for the positioned
growth and device integration of a controllable number of QDs with high optical quality. This con-
cept is very powerful as the number and the position of SCQDs in the cavity can be simultaneously
controlled by the design of the buried stressor. The fabricated micropillars exhibit a high degree of
position control for the QDs above the buried stressor and Q-factors of up to 12000 at an emission
wavelength around 930 nm. We experimentally analyze and numerically model the cavity Q-factor,
the mode volume, the Purcell factor and the photon-extraction efficiency as a function of the aper-
ture diameter of the buried stressor. Exploiting these SCQD micropillars, we experimentally observe
the Purcell enhancement in the single-QD regime with FP = 4.3 ± 0.3.
I. INTRODUCTION
The enormous progress in the development of nanofab-
rication technologies and nanophotonic device concepts
has boosted experimental and theoretical studies in the
field of cavity quantum electrodynamics (cQED).1,2 A
variety of devices exploiting cQED effects has been de-
veloped in recent years, including highly-efficient single-
photon sources (SPSs)3–8 for the realization of, e.g.,
quantum key distribution9,10, high-β11–14 as well as
thresholdless lasers.15,16 Furthermore, the coexistence
of lasing and strong coupling has already been demon-
strated in nanocavities.17,18 An attractive type of sys-
tem for the exploitation of cQED effects are micropil-
lar cavities with integrated semiconductor quantum dots
(QDs).19 Here, the huge interest in semiconductor QDs is
explained by their excellent optical properties combined
with the scalability of the solid-state host system. Note-
worthy, the spectral and spatial matching of the emit-
ters to the cavity mode needs to be ensured in order
to maximize the achievable Purcell factor FP
1 and the
related spontaneous emission factor β = FP/(FP + 1).
The latter describes the fraction of spontaneous emission
funneled into the cavity mode and is crucial for the opti-
mization of microcavity based quantum light sources and
lasers. Common self-organized growth-modes for QDs
result in a random spatial and spectral (within the in-
homogeneous broadening of the QD ensemble) position
which hinders a controlled fabrication of the aforemen-
tioned devices. Different strategies have been developed
to overcome this issue via the deterministic integration
of QDs into resonators. These strategies can be divided
in two groups: a) concepts based on postgrowth align-
ment of resonators to selected self-assembled grown QDs
via in − situ lithography approaches20 and b) concepts
based on the site-controlled growth of QDs.21 Though the
first approach has been very successfully applied in recent
years it is limited to the realization of single-QD devices
such as SPSs. The site-controlled approach is techno-
logically more demanding. On the one hand, it allows
for true scalability by the fabrication of ordered arrays
of emitters.22 On the other hand, the approaches used
to enforce the site-controlled growth typically lead to a
reduced optical quality of the emitter reflecting a close
proximity of QDs to the etched surface.23 In order to
overcome this challenge structures with several stacked
QD layers have been realized24 demonstrating SCQDs
with a high optical quality. However, this approach is
still limited to a minimum pitch of 200 nm between sin-
gle QDs.25 In contrast, high-β microlasers would strongly
benefit from the integration of QD-ensembles consisting
of a defined number of emitters located at the anti-node
of the laser mode with a lateral extension of a few hun-
dred nm. In this regard, the buried-stressor growth ap-
proach based on a partial oxidation of AlAs aperture is
highly interesting. It leads to the positioned growth of
QDs aligned to a buried oxide-aperture where the num-
ber of QDs can be controlled by the aperture diameter.26
In the limit of small diameters it has already been applied
for the fabrication of high-quality optically and electri-
cally driven SPSs.27–29
In this work, we apply the buried-stressor growth
concept with oxidized apertures to realize high-quality
micropillar structures with a controllable number of
SCQDs as gain medium. We fabricate micropillars with
about 1 to 20 SCQDs positioned close the maximum of
the fundamental cavity mode. This specific configura-
tion of the gain-medium is not feasible with any other
growth and processing scheme and is highly attractive
for the fabrication of SPSs and microlasers operating
in the few-QD regime. The present work focuses on
the development of the required growth and processing
technology and a detailed optical investigation of the
realized SCQD micropillar cavities. It includes a sys-
tematic study of the micropillars in terms of the number
of SCQDs, emission energy, effective mode volume and
quality (Q) factor as a function of the diameter of the
oxide-aperture. Using our novel type of micropillars, we
are able to observe the Purcell enhancement of a single
QD.
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Figure 1. (a-d) Schematic illustration of SCQD growth and
patterning of micropillars via the buried stressor approach.
(a) The growth of a template structure is followed by the
mesa processing and the subsequent oxidation of the AlAs
layer acting as buried stressor (b). (c) SCQDs located in the
center of a λ-cavity and the top DBR are grown in the second
MOCVD step. (d) The fabrication is finalized by micropillar
processing via EBL and ICP-RIE dry etching. (e) SEM image
of a fully processed micropillar structure. Insets: (top) top-
view of the square mesa (marked with a blue dashed rhombus)
processed in the step (b) with a micropillar (marked with a red
dashed circle) aligned to its center. (bottom) Cross-sectional
SEM image of the bottom and top DBR and of the partially
oxidized AlAs layer.
II. METHODS
The work flow for the fabrication of micropillars com-
prises two-step metal-organic chemical vapor deposition
(MOCVD) epitaxial growth and cleanroom processing as
schematically shown in Fig. 1 (a - d). Firstly, a so-
called template structure is grown at 700 ◦C on an n-
doped GaAs substrate. It includes the lower distributed
Bragg reflector (DBR) and a layer sequence consisting
of a 30 nm-thick AlAs layer embedded into 40 nm-thick
Al0.90Ga0.10As claddings and 10 nm thick strain reduc-
ing AlGaAs layers (Fig. 1 (a)). The first growth is
completed by an 80 nm-thick GaAs layer representing
a bottom part of the λ-cavity. The DBR mirror con-
sists of 27 pairs of λ/4-thick Al0.90Ga0.10As/GaAs-layers
in which the thickness of the last GaAs layer is reduced
to 22 nm in order to align the AlAs layer to an antin-
ode of the electrical field. Next, arrays of square mesas
with a side length varying between 20.4 and 21.4 µm
(step-size 67 nm) are patterned via optical lithography
and dry etched down to the uppermost mirror-pair of
the lower DBR in order to access the AlAs layer for the
further lateral oxidation (cf. Fig. 1 (b)) which is subse-
quently performed under H2O/N2 atmosphere at 420
◦C.
Control of the aperture diameter with an accuracy of a
few hundred nanometers is achieved by in− situ optical
monitoring during the oxidation process. Prior to the
second epitaxial growth step the sample is dipped into
a 75 % sulfuric acid in order to remove oxides from the
surface. This cleaning step is crucial for the realization
of a defect-free overgrowth of the ≈ 3.5 µm thick upper
DBR. The MOCVD overgrowth starts with a 50 nm-
thick GaAs buffer layer grown at 700 ◦C followed by
In0.60Ga0.40As QDs grown in Stranski-Krastanov growth
mode at 500 ◦C. Afterwards, the upper half of the GaAs
cavity with a thickness of 130 nm is grown at 615 ◦C.
The growth is finalized by the upper DBR mirror consist-
ing of 23 pairs of λ/4 thick Al0.90Ga0.10As/GaAs-layers
grown at 615 ◦C (cf. Fig. 1 (c)). After the overgrowth, a
300 nm-thick Si3N4 layer is deposited on the sample by
plasma-enhanced chemical vapor deposition (PECVD)
followed by spin-coating of a 400 nm thick layer of a
negative resist AZ nLOF 2070. Then micropillar struc-
tures are defined via electron beam lithography (EBL)
and realized by inductively-coupled-plasma reactive-ion
dry etching (ICP-RIE) (Fig. 1 (d)). Here, the micropil-
lars are aligned to the center of the square mesas (corre-
sponding to the oxide-apertures) and the associated SC-
QDs with high position accuracy of about 200 nm (cf. top
inset of Fig. 1 (e)). Fig. 1 (e) shows a scanning electron
microscope (SEM) image of a fully processed micropillar
with a diameter of 4.4 µm. The microcavity structure
is etched down to the 17th pair of the bottom DBR and
the realized micropillar has almost vertical sidewalls with
low surface roughness. The inset of Fig. 1 (e) presents
a cross-sectional zoom-in view of the central part of the
structure before the last dry etching step including the
partially oxidized AlAs (transition from the grey AlAs
to the black oxidized layer). It also shows high-quality
defect-free epitaxial layers of the cavity structure.
III. RESULTS AND DISCUSSION
The fabricated micropillar structures are investigated
via micro-photoluminescence (µPL) spectroscopy at 10 -
50 K. The sample is mounted inside a He-flow cryostat
and the investigated micropillars are optically excited by
a continuous-wave diode laser emitting at a wavelength
of 671 nm. The resulting photoluminescence is collected
via a microscope objective with a numerical aperture of
0.4, spectrally dispersed by a spectrometer including a
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Figure 2. Left column: Atomic-force microscope (AFM) im-
ages of a reference sample surface after the overgrowth with
SCQDs demonstrating that the number of positioned QDs
increases with the aperture diameter which is marked with
a white dashed circle. Right column: µPL spectra of mi-
cropillars with the identical aperture size (similar number of
SCQDs) than their left column counterparts and a pillar di-
ameter of 4.4 µm. Spectral shifts of the fundamental and the
first higher order transverse mode for different aperture di-
ameters are indicated by dashed lines and are associated with
an aperture dependent mode confinement.
Si-based charge-coupled device camera with an overall
spectral resolution of 25 µeV.
In order to demonstrate and investigate the site-
control of our QD-growth technique, we prepared a refer-
ence sample nominally identical to the sample described
above, but without upper DBR and with a 3 nm-thick
GaAs capping layer above the SCQDs for atomic-force
microscopy characterization. The results are presented
in the left column of Fig. 2. As expected,26 the num-
ber of QDs increases with increasing aperture diameter
starting from 2 QDs for an aperture diameter of 700 nm
(top image), leading to 9 QDs for an aperture of 1000 nm
and resulting in a small QD-ensemble for an aperture of
1400 nm. Noteworthy, there is no QD-growth apart from
the aforementioned SCQDs showing a high selectivity of
our growth technique. On the right column of Fig. 2
µPL spectra of processed micropillars with a diameter of
4.4 µm and with the nominally same aperture diameters
as in the left column are presented. We observe emission
of the fundamental pillar mode on the low-energy side
and of the first higher transverse mode on the high-energy
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Figure 3. Numerically simulated (black circles, labeled on the
right column) and experimentally measured (red squares, left
column) mode splitting ∆λ (a) and Q-factor (b) as a function
of the aperture diameter. Simulated mode volume V m (c),
Purcell factor FP (d) and photon-extraction efficiency η (e)
as a function of the aperture diameter. All results correspond
to the micropillars with the design presented in Sec. II with a
diameter of 4.4 µm. All plots include sub-panels as described
in the text.
side, respectively. Interestingly, for the given pillar di-
ameter both, the emission energy and the mode splitting
depend on the aperture diameter which we attribute to
its influence on the mode volume of the micropillar cav-
ity. The oxide-aperture influence on the emission fea-
tures is investigated experimentally for a family of mi-
cropillars with constant diameter of 4.4 µm and aperture
diameters in the range of 500 to 1500 nm. Addition-
ally, numerical simulations are performed for aperture
diameters in the range from 0 to 4400 nm by using the
4finite-element software package JCMsuite30 for solving
second order Maxwell’s equations of the electric field.31
The results of these studies are presented in Fig. 3 where
different parameters, such as the mode splitting ∆λ, the
quality factor Q, the mode volume V m, the Purcell factor
FP and the photon-extraction efficiency η are depicted
as a function of the aperture diameter. We subdivide
the presented results into three characteristic diameter
ranges separated by dashed vertical lines (cf. Fig. 3).
The simulation results of the mode behavior for the aper-
ture diameters between 1700 and 4400 nm (region A) are
in agreement with previous works32,33 and show an in-
crease of the mode splitting ∆λ (Fig. 3 (a)) and a reduc-
tion of the mode volume V m (Fig. 3 (c)) with a decreas-
ing aperture diameter, which is explained by enhanced
mode confinement. The latter leads to a blue-shift of
the energy of the fundamental mode34 (not shown here).
Due to light scattering induced by the refractive index
contrast between the oxidized and non-oxidized material,
the Q-factor decreases with decreasing aperture diame-
ter (Fig. 3 (b)).35 In contrast, the Purcell factor FP does
not show a systematic dependence on the oxide-aperture
diameter (Fig. 3 (d)) by mutually compensating the in-
fluence of the decreasing V m and Q.
For the diameter regions B and C the theoretical find-
ings are compared with the experimental data. In the
intermediate region B corresponding to aperture diam-
eters between 800 and 1700 nm, the mode confinement
starts to decrease and ∆λ decreases accordingly. Here,
the scattering-induced reduction of the experimental Q-
factor is confirmed qualitatively by the simulation and
results in a reduced photon-extraction efficiency η (cf.
Fig. 3 (e)), which is expressed as
QMP
Q0
FP
FP+1
,37 where
QMP and Q0 are the Q-factor of the micropillar and the
planar Q-factor, respectively. In region C the shrinking
and possibly closing aperture leads to an increase of V m
as well as of Q and, hence, of η. This observation is ex-
plained by a decoupling of the mode from the refractive
index contrast associated with oxidized AlAs when the
aperture diameter becomes smaller than the lateral mode
extension. The deviation of the measured Q-factors from
the values predicted by simulations is attributed partly
to absorption losses, scattering losses at layer interfaces
of the overgrown microcavity and photon losses at the
micropillar’s sidewalls, which are not considered in the
simulations.
In order to demonstrate pronounced single-QD cQED
effects and to confirm the predicted enhancement of the
spontaneous emission rate (cf. Fig. 3 (d)), we performed
temperature-tuning of a single-QD exciton (X) through
the fundamental cavity mode (C) of a micropillar with a
diameter of 4.4 µm and an aperture diameter of 1.3 µm.
Fig. 4 (a) presents the corresponding µPL spectra in the
temperature range between between 24 and 43 K. At res-
onance at 35 K we observe pronounced enhancement of
QD-X emission due to the Purcell effect. In order to de-
termine the associated Purcell factor FP we extracted
the detuning dependent integrated intensity of X emis-
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Figure 4. (a) Waterfall presentation of temperature depen-
dent µPL spectra showing the spectral tuning of a single-QD
exciton (X) through resonance with the fundamental cavity
mode (C) of a 4.4 µm micropillar with oxid-aperture diame-
ter of 1300 nm and a Q-factor of 8000. cQED enhanced light-
matter interaction results in pronounced Purcell enhancement
at the resonance temperature of 35 K. (b) Integrated inten-
sity of the QD emission as a function of the spectral detuning
between X and C. The fit according to Munsch et al.36 (red
line) yields FP = 4.3 ± 0.3.
sion by Lorentzian lineshape fitting. The corresponding
data is plotted in Fig. 4 (b) as a function of the spectral
detuning ∆ between X and C. By fitting this dependence
via I(∆) = FP/(1 + FP + 4∆
2/γC
2)36, where γC is
the cavity linewidth, we determine FP = 4.3 ± 0.3. This
value is lower in comparison to the simulated value of FP
= 18 for an ideal structure. Taking the experimental Q-
factor into account, the upper limit of the Purcell factor
can be calculated via FP = (3Qexp/4pi
2V M)(λ
3/neff
3)1
which yields FP
max = 11. This value is still higher than
the experimental FP which we attribute to a possible po-
larization mismatch between X and C and to a non-ideal
spatial matching between the QD and the maximum of
5the fundamental micropillar mode.29
IV. SUMMARY AND CONCLUSION
In conclusion we presented an attractive fabrication
platform for the realization of micropillar cavities with
a controlled number of SCQDs in the active layer. The
structures are fabricated by the buried-stressor growth
concept and studied comprehensively in terms of the in-
fluence of the buried oxide-aperture on the optical prop-
erties of the micropillars. Both the Q-factor and the
mode volume depend in a characteristic way on the diam-
eter of the oxide-aperture. It leads to additional mode-
confinement and scattering for a given micropillar diam-
eter, thereby influencing the mode volume, the cavity
Q-factor and the associated Purcell-factor and photon-
extraction efficiency. The fabricated micropillars exhibit
Q-factors of up to 12000 and a pronounced single-QD
Purcell enhancement with FP = 4.3 ± 0.3. The demon-
strated approach is well suited for the realization of
cQED-enhanced SPSs and paves the way for the devel-
opment of high-β microlasers with a controlled number
of SCQDs aligned spatially to the laser mode.
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